Abstract: Chemical studies of superheavy elements require fast and efficient techniques, due to short half-lives and low production rates of the investigated nuclides. Here, we advocate for using a tubular flow reactor for assessing the thermal stability of the Sg carbonyl complexSg(CO) 6 . The experimental setup was tested with Mo and W carbonyl complexes, as their properties are established and supported by theoretical predictions. The suggested approach proved to be effective in discriminating between the thermal stabilities of Mo(CO) 6 and W(CO) 6 . Therefore, an experimental verification of the predicted Sg−CO bond dissociation energy seems to be feasible by apply- Tc carbonyl complex, we estimated the lower reaction time limit for the metal carbonyl synthesis in the gas phase to be more than 100 ms. We examined further the influence of the wall material of the recoil chamber, the carrier gas composition, the gas flow rate, and the pressure on the production yield of 104 Mo(CO) 6 , so that the future stability tests with Sg(CO) 6 can be optimized accordingly.
Introduction
Conventional methods for measuring bond dissociation energies of transition metal carbonyls, such as laser pyrolysis [1] are unsuitable when experiments with superheavy elements (SHE, ≥ 104) [2] [3] [4] [5] are envisaged. Production rates of a few atoms per hour down to a single atom per months and half-lives shorter than one minute make their chemical characterization rather challenging. However, gas-phase techniques combined with alphaparticle spectroscopy enable a quantitative assessment of chemical properties on a single atomic scale in longterm experiments [6] [7] [8] . The synthesis and the adsorption enthalpy ( ads ) of the seaborgium hexacarbonyl complex, Sg(CO) 6 , on a SiO 2 surface have recently been reported [9] . It represents the first chemical characterization of a compound with Sg in its zero oxidation state. The experimental value of ads was supported by theoretical prediction [10] , which included relativistic effects [11] . Scaling with 2 , relativistic effects in the electron structure naturally play an important role in the case of the chemistry of superheavy elements. On the one hand, the contraction of and 1/2 orbitals, referred to as the "direct relativistic effect", weakens the -donation in the Sg−CO bond. On the other hand, the expansion of d-orbitals, referred to as the "indirect relativistic effect", strengthens the contribution of the -backbonding. The latter effect reinforces the metal-CO bond and is therefore accountable for the expected trend of increasing stability of carbonyl complexes down group 6 of the periodic table. Thus, Sg(CO) 6 was predicted to be slightly more stable than the corresponding complex of its lighter homologue -W(CO) 6 [12] . The first bond dissociation energy (FBDE) for Sg(CO) 6 was calculated to be 197 ± 8 kJ/mol, which is around 4 kJ/mol higher compared to that of W(CO) 6 [1] . We consider the production rate of one Sg(CO) 6 complex per day, observed in [9] , to be sufficient for setting up a thermal stability experiment. A careful design of the setup and an appropriate strategy for carrying out the stability tests are, however, a prerequisite. In this first part of the publication, we focus on the experimental implementation of a future Sg experiment. We use radioactive short-lived isotopes of Mo and W in ultra-trace amounts for testing the suggested setup and to optimize the experimental conditions. The second part [13] addresses the link between the experimental observables presented here and the thermodynamic bond stability in the hexacarbonyl molecules of group 6 elements. Thus, the complete method for a quantitative assessment of the thermal stability of Sg(CO) 6 is suggested.
Experimental

Production of 104 Mo(CO) 6
The "Ms. Piggy"
252 Cf spontaneous fission (SF) source, installed at the University of Bern, allows for the production of various transition-metal fission products with a wide spread of half-lives [14] . Among the produced Mo isotopes,
104 Mo ( 1/2 = 60 s, = 68.8 keV, 69.8 keV) [15] is a perfect nuclide for quantifying Mo(CO) 6 formation and behavior. Volatile transition-metal carbonyl complexes are formed in situ by thermalizing the fission fragments in the recoil chamber (Figure 1 ), flushed with CO containing carrier gas [16, 17] .
Production of
87−88 Mo(CO) 6 and 163−164 W(CO) 6 For direct comparison between Mo(CO) 6 and W(CO) 6 , both complexes were synthesized at the GAs-filled Recoil Ion Separator (GARIS) [18] at RIKEN, Japan. Two isotopes 163 W ( 1/2 = 2.6 s, = 5.384 MeV) [19] and 164 W ( 1/2 = 6 s, = 5.150 MeV) [20] were produced in the heavy-ion induced nuclear fusion reaction Here, the products passed through a thin Mylar window separating GARIS from the carrier gas of the chemistry setup. Subsequently, they were thermalized in the CO/He (50 : 50 vol-%) carrier gas flushing through the recoil transfer chamber (RTC). Thus, hexacarbonyl complexes were formed in situ [9, 16, 17] .
Optimization of the production and transport yields
Volatile carbonyl complexes of fission products formed in the recoil chamber of "Ms. Piggy" were transported and quantitatively retained on a charcoal trap. The activity of the trapped isotopes was monitored by standard -ray spectrometry in conjunction with the data acquisition and analysis system Canberra Genie2k ® .
Experiments using the Cryo-Online Multidetector for the Physics And Chemistry of Transactinides (COM-PACT) [23] determined the amount of the formed and transported 163−164 W(CO) 6 . A negative temperature gradient was applied along the thermochromatographic detector array, which ensured the quantitative adsorption and decay of the transported carbonyl complexes within the detector array. Thus, the production and transport yields of W(CO) 6 were assessed. In contrast to the energetically discrete alpha-decay of 163−164 W, the + -decay of 87−88 Mo isotopes exhibits a continuous energy spectrum, which precludes an effective distinction between parent and daughter nuclides. For that reason, 87−88 Mo(CO) 6 was collected in the COMPACT detector for 15 min. After stopping the irradiation the decay of 87−88 Mo isotopes and their daughters were monitored for 15 min. Thereby, the contribution of each of the two Mo isotopes could be clearly assessed due to their distinct half-lives [9] . The combination of physical pre-separation using GARIS and chemical separation by selective formation of carbonyls allowed for an effective separation of the desired evaporation residues from the beam and from byproducts of multinucleon transfer reactions, providing nearly backgroundfree conditions for the measurements [24] . Therefore, the detected beta activity in the COMPACT could be unambiguously assigned to the two Mo isotopes. In addition, the production of 87 Mo(CO) 6 and 88 Mo(CO) 6 was proven in a separate experiment, where both complexes were quantitatively retained on the charcoal trap, which was monitored by a High Purity Germanium (HPGe) -ray detector. 
Decomposition setup
For the thermal stability tests with the carbonyl compounds, a decomposition column was implemented between the recoil chamber and the detection unit (COM-PACT or charcoal trap). A scheme of the decomposition setup installed at the "Ms. Piggy" spontaneous fission source is depicted in Figure 2 . The experiments at GARIS used a similar implementation: the decomposition column along with the PFA Teflon ® bypass of the same size as the decomposition column was installed between the RTC and the COMPACT detector. Otherwise, the gas-loop transport system was used as it is described in [9] . Metal columns (Au, Pd, Ag) were prepared by rolling 25 μm foils (Goodfellow) and inserting them into a quartz tube. The quartz tube with metal foil inserts, was in turn sealed inside a steel tube. Such an arrangement provided a hermetically sealed connection between the decomposition column and the production/detection units. Finally, the steel tube was heated by a resistance furnace (Hillesheim GmbH), connected to a temperature regulator.
In the experiments with quartz and PFA Teflon ® as materials for the decomposition column, the corresponding decomposition columns were put directly into the resistance furnace. The decomposition curves were obtained (1), gases were mixed before entering the recoil chamber of "Ms. Piggy" spontaneous fission source (2 and Figure 1 ). The thermalized fission fragments formed volatile compounds, which were flushed out of the chamber into the 1 m long decomposition column (3) and finally, depending on the decomposition rates, reached the charcoal trap (4), where they were quantitatively retained. The activity on the trap was monitored by a HPGe -ray detector (5). The decomposition column could be by-passed through a PFA Teflon ® column (6), held at room temperature. The exact same geometry, compared to the decomposition column, allowed for measuring undisturbed production rates at given experimental conditions. Insert: sketch of the open decomposition column (3): a stainless steel tube (7) was inserted into a regulated resistance furnace (8) . Inside the stainless steel tube there was a quartz column (9), used as a casing for metal foil inserts (10) , which thereby formed a metal column. All the connectors were based on Swagelok ® parts for He-tight hermetical sealing. by gradually increasing/decreasing the temperature of the furnace and analyzing in real time the corresponding activity of short-lived nuclides reaching the charcoal trap or the COMPACT detector. The respective temperature profiles over the decomposition column were determined for every plateau temperature, as this information is essential for describing the decomposition process (see [13] ). The metal decomposition columns were pre-cleaned before each experiment by heating them up to 500 ∘ C in a CO containing gas mixture before use.
Chemicals and materials
Commercially available gases (CarbaGas) Ar (5.0, i.e. pu-
O 2 (5.0) were used without further purification. Metal foils (Goodfellow) were pre-cleaned before use with acetone and ethanol (both VWR). The purity of the carrier gas in the system was monitored by a quadrupole massspectrometer with atmospheric pressure inlet (MKS Cirrus 2 ® Atmospheric QMS), connected directly behind the decomposition column (see Sections 3.7 and 3.8).
3 Results and discussion
Maximization of the production yield
One of the most important issues in chemical studies of SHE is an optimization of the production yield of the desired compound. Therefore, the influence of the CO con- The dependence of the relative production yield of 104 Mo(CO) 6 on the CO content in the carrier gas (N 2 (◼) and Ar (⋆)) at 1.2 bar and a gas flow rate of 1 L/min. The yields are given relative to the maximum observed production rate at 100% CO content.
tent, the gas flow rate, and the pressure in the recoil chamber on the production yield of Mo(CO) 6 have been examined. The production yield of 104 Mo(CO) 6 strongly depends on the CO concentration in the carrier gas [16] . Thermalization of the fission product in CO-rich gas mixtures allows for significantly higher production yields of detected, if SF-fragments were thermalized in pure N 2 . In this case, the produced Mo atoms either diffuse to the walls of the recoil chamber, where they irreversibly adsorb, or they are flushed out of the chamber and are retained on the surface of the outlet capillary. The stopping power [25] of the carrier gas has to be taken into account when the effect of the CO concentration on the production yield of Mo(CO) 6 is investigated. If the recoiling Mo atom is thermalized too close to the surface of the SF-source or too close to the outlet capillary, formation of the hexacarbonyl complex might be suppressed. This effect depends on the reaction time and the flow pattern of the gas inside the chamber. However, in case of different CO/N 2 mixtures, the effect of a change of the stopping range of the recoiling atoms is negligible due to a similar stopping power of N 2 and CO for the fission products [26] .
If we assume that the amount of the 104 Mo(CO) 6 transported to the charcoal is proportional to the reaction Figure 5 : Influence of the pressure in the "Ms. Piggy" recoil chamber on the relative production yield of Mo(CO) 6 . The yields are given relative to the maximum observed production rate at 100% CO content.
rate (Eq. (1)), then the reaction order with respect to CO can be determined by plotting logarithmically the production yield versus the CO content. The slope of the obtained dependence provides the desired reaction order for CO (Figure 4) . The slope was found to be slightly dependent on the diluting gas, but remained clearly below first order over a large concentration range. The first-order reaction was expected, since step by step addition of CO to the central atom is assumed to be the most probable reaction path according to the collision theory.
104 Mo + 6CO → Mo(CO) 6 (1)
The pressure in the recoil chamber is likewise in a positive correlation with the observed production yield of 104 Mo(CO) 6 ( Figure 5 ). At a fixed gas flow rate, higher pressure increases the production yield due to the growing probability of interaction between Mo and CO molecules in the carrier gas. Additionally, diffusion to the walls of the recoil chamber is slowed down at higher pressures, thereby promoting the formation of the complex as well.
Increasing gas flow rates cause higher transported yields over a wide range of CO concentrations (Figure 6 ), because faster transport leads to smaller losses due to radioactive decay. However this cannot explain the observed differences for 104 Mo with a mean lifetime of 87 s: the 83 ml volume of the recoil chamber together with the volume of the transport tubing of 1.75 m length and an inner diameter of 2 mm corresponds to a transport time of only 9 s at 0.7 L/min gas flow rate, assuming plug flow and a full volume exchange. Therefore, there must be other factors contributing to the significant decrease of the transport yield at lower gas flow rates. To clarify the observed dependence, flow patterns of the carrier gas inside the Figure 6 : Influence of the CO concentration in the CO/N 2 carrier gas mixture at different gas flow rates on the production yield of 104 Mo(CO) 6 , the pressure was kept constant at 1.2 bar. The yields are given relative to the maximum observed production rate at 100% CO content and 1.5 L/min gas flow rate.
"Ms. Piggy" recoil chamber were simulated using the COM-SOL Multiphysics ® software package. The stopping range of 104 Mo, recoiling from the 252 Cf SF-source with an energy of 110 MeV, was estimated to be around 28 mm in pure CO [26] . This estimation included the 6 μm Al foil, covering the 252 Cf source [14] . Thus the initial distribution of Mo inside the chamber was simulated as a spherical dome with a radius of 28 mm. According to these simulations, slightly more than 97% of 104 Mo is transported out of the chamber within 10 sec at the experimentally established gas flow rates ( Figure 6 ). This implies that the dead volume in the chamber does not affect the transport efficiency significantly. Nevertheless, Figure 6 suggests that the transport of 104 Mo out of the chamber is more efficient at 1.5 L/min, compared to 0.7 L/min or 1.0 L/min. The adsorption enthalpy of Mo(CO) 6 on quartz is determined to be −50 ± 2 kJ/mol [9] . Although this value hints towards weak interaction between the molecule and the surface, the adsorption time of Mo(CO) 6 in the typically long PFA Teflon ® capillary, connecting the recoil chamber and the charcoal trap, cannot be neglected at ambient conditions. By using a microscopic Monte-Carlo based model [27] , we estimated the average time Mo(CO) 6 spends adsorbed on the surface of PFA Teflon ® tubing on its way to the charcoal trap, using a 4 kJ/mol lower adsorption enthalpy as compared to SiO 2 [28] . At 0.7 L/min this time amounts to 20 sec, while at 1.5 L/min it is approaching 10 sec. Thus the adsorption of carbonyl complexes on the surface of the transport capillaries seems to be the main contributor to the observed differences and might cause significant losses when experiments with short-lived isotopes are performed.
Furthermore, we changed the material of the target chamber from aluminum to the more inert PFA Teflon ® . No significant change of the overall measured 104 Mo(CO) 6 yield was observed, pointing to a similar stability of this compound in contact with both surfaces at room temperature. Finally, the replacement of all steel surfaces by polyethylene increased the overall activity of all transported species detected on the charcoal trap, indicating an enhanced retention or even decomposition of carbonyl complexes on steel. This effect, however, was not quantified.
Material for the decomposition column
For a fast and efficient examination of the stability of carbonyl complexes, we implemented a tubular flow reactor (decomposition column), with adjustable wall temperature and variable surface material. The length of the column was chosen as 1 m, so that every transported molecule had several chances to interact with the surface material at the chosen gas flow rates even at the highest used temperatures [27] . The final outcome of a decomposition experiment is a decomposition curve, which represents the survival probability of the compound at a given temperature in the tubular flow reactor. Different materials were tested in order to identify the optimum surface for the decomposition studies (Figure 7) . A freshly pre-cleaned gold surface decomposes 40% of the transported Mo(CO) 6 already at room temperature. PFA Teflon ® , in contrast, is very inert towards carbonyl complexes; no decomposition was observed up to 300 ∘ C. Unlike Ag and quartz, Pd has a strong affinity
Figure 7:
104 Mo(CO) 6 decomposition curves on different surfaces at otherwise identical experimental conditions. The -axis temperatures correspond to the plateau temperatures of the furnace (see Figure 3) .
to CO, − ads (CO) = 142-167 kJ/mol [29] , which facilitates the decomposition of carbonyls, and thus complicates the modelling of the process. So the choice of the surface for the decomposition was narrowed down to Ag and quartz, both of which show only a weak CO adsorption interaction [30, 31] . The possibility of unidentified side reactions on the hydroxylated quartz surface upon the decomposition of carbonyl complexes, as reported in [32] , precluded the use of quartz. Thus, we chose Ag surfaces for further decomposition studies of group 6 carbonyl complexes.
Decomposition of 104 Mo(CO) 6
The shape and the position of a decomposition curve depend on the investigated complex and on the applied experimental conditions. By increasing the gas flow rate, the average time the complex spends in the tubular flow reactor decreases, and therefore a higher temperature is needed for a complete decomposition (Figure 8 ) pointing towards a several-chance-process, i.e., even at high temperatures not every surface encounter leads to decomposition. A significant change of the CO content in the carrier gas affects the decomposition rate as well [33] , which provides an indication, that low CO contents (few vol-%) suppress reversible decomposition in the gas phase. High CO concentrations favor the reversibility of this homogeneous Mo-CO bond dissociation, due to a higher probability of the back reaction, thereby shifting the decomposition curves towards higher temperatures. The heterogeneous decomposition reaction on the hot silver surface is considered to be irreversible regardless of the CO content, as the formation of a strong bond between Ag and Mo can be expected [34, 35] . Finally, independent of the applied gas flow rate and its composition, the decomposition reaction of 104 Mo(CO) 6 starts on silver consistently at a plateau temperature of 250 ∘ C (see Figure 8 ).
Decomposition studies with
87,88 Mo(CO) 6 and 163,164 W(CO) 6 In the case of 163,164 W(CO) 6 , on-line alpha-particle spectroscopy of the adsorbed and the in-flight decaying complexes [9] allowed for quantitative assessment of the production and the decomposition processes. Four breakthrough decomposition curves were measured at different experimental conditions ( Figure 9 ). In agreement with what was previously determined with 104 Mo(CO) 6 , higher flow rates of the carrier gas shift the decomposition curves to higher temperatures also for W(CO) 6 . Decreasing the CO content from 50 to 16 vol-% did not show a significant impact on the decomposition behavior of W(CO) 6 , supporting the assumption of a preferred heterogeneous decomposition at the chosen high CO concentrations. Surprisingly, at 0.5 L/min gas flow rate (Figure 9 , ⋆), the decomposition curve did not recover to 100% survival probability even at low temperatures. A similar behavior was observed when the break-through curve of 87,88 Mo(CO) 6 was measured at 0.5 L/min gas flow rate and 50 vol-% CO concentration in the carrier gas ( Figure 10 ). This issue is currently under further investigation. Regardless of the experimental parameters, the decomposition reaction of W(CO) 6 starts consistently at around 350 ∘ C, which is 
100
∘ C higher, compared to Mo(CO) 6 ( Figure 10 ). Therefore, we conclude that a difference in the first bond dissociation energies of 23 kJ/mol [1] leads to a 100 ∘ C shift in the decomposition temperature. The half-life dependence of the decomposition can be neglected, since a by-pass column of the same volume was used to establish the relative 100% value of produced and transported species.
Tc, Rh and Ru carbonyl complexes
Apart from Mo, there are three other elements present in the recoil chamber of "Ms. Piggy", which form carbonyl complexes at ambient conditions [16, 17, 44] . The formation of polyatomic clusters between the central atoms (e.g.
Tc 2 (CO) 10 ) is precluded in our studies due to only ultratrace amounts of these elements being present in the recoil chamber. The formation of polyatomic clusters between the central atoms (e.g. Tc 2 (CO) 10 ) is precluded in our studies due to only ultra-trace amounts of these elements being present in the recoil chamber. The 18-electron rule suggests for complexes of Tc, Ru, and Rh with single central atoms the following composition with the maximum number of CO ligands: Tc(CO) 5 , Ru(CO) 5 , Rh(CO) 4 . The stability of a complex of any given isotope can be monitored accurately only if its parent nuclide is not forming volatile complexes and thus is not being transported to the charcoal trap, or if the half-life of the parent nuclide is too short for an effective transport. Therefore, properties of the formed complexes were monitored in separate isobars so that the precursor effects [28] could be excluded.
In contrast to Mo(CO) 6 , carbonyl complexes of Tc, Ru and Rh were found to be readily decomposing on various surfaces even at temperatures close to ambient ( Figure 11 ). The observed behavior supports thermochromatographic studies with Tc(CO) 5 on gold surfaces [36] , where an unexpectedly high affinity of the complex to the Au surface was determined. The decomposition behavior of Ir and Re carbonyl complexes reported in [17] seems to be in contradiction with our findings. Being homologues of Tc and Rh, these complexes are expected to have similar chemical properties. However, both volatile carbonyl complexes of Re and Ir were found to be stable up to 200 ∘ C on the quartz surface. Whether this is indicative of increasing stability when going from the lighter to the heavier members of groups 7 and 9, or is due to minor, but potentially important differences between our studies and those reported in [17] is currently not clear.
− -decay and formation of Tc(CO) 5
− -decay of 99 Mo in the form of hexacarbonyl, followed by the formation of 99m Tc(CO) 5 , was reported in [37] . We intended to investigate the similar reaction to see whether the formation of carbonyl complexes is possible outside of the "Ms. Piggy" recoil chamber as well. For this, the charcoal trap in our setup ( Figure 2 ) was replaced by a 6 m long PFA Teflon ® tube, wrapped around the HPGe detector head. At 0.5 L/min gas flow rate the average transport time through this tube was around 9 s for complete volume exchange not considering adsorption retention. Pure CO was used as a carrier gas. The maximum energy of the emitted − -particle is much higher for Thus, the energy of the activated state of Tc must be high enough for entering the reaction path with CO. However, if the reaction time is longer than the time required for the diffusion of the formed atom to the nearest wall, irreversible adsorption of Tc will happen and no complex will be formed. The PFA Teflon ® tube had an inner diameter of 4 mm. Hence, the average time for 105 Tc to diffuse over 2 mm distance was estimated to be about 0.1 s at ambient conditions. Gilliland's empirical equation [38] has been applied to estimate the 104,105 Tc diffusion coefficient. Thus, we conclude from the non-transport of Tc that the reaction time between Tc and CO in the gas phase must exceed 0.1 s. This time includes also the deexcitation of the recoiling ion, which is supposed to be in the microsecond time scale at maximum in a gas at atmospheric pressure [39] .
Influence of carbon dioxide
Due to relatively high sublimation point (−78 ∘ C), carbon dioxide freezes in the COMPACT detector. If macroscopic amounts are present, this will block the detector channel and deteriorate the energy resolution of the alpha-particle spectroscopy. CO 2 is present as a trace impurity in commercially available carbon monoxide and can also be permanently produced by oxidation of the latter in the gasjet system by trace contaminations with oxygen and water. Thus special cleaning units such as molecular sieves, liquid nitrogen traps, or chemical absorbents have to be employed in the system for effective elimination of CO 2 . Implementation of a decomposition column facilitates the reaction between CO and O 2 and therefore promotes the formation of CO 2 in the system. The operation of a silver column at 500 ∘ C brings about a twofold increase in the CO 2 content, as determined with MKS Cirrus 2 ® atmospheric pressure mass spectrometer (see Figure 12 ). This particular source of CO 2 cannot be easily eliminated, because cleaning units between the recoil chamber and the detection system cannot be installed. Therefore, the carrier gas must be efficiently pre-cleaned with respect to CO 2 and O 2 admixtures before use, and kept clean. Influence of the silver decomposition column temperature on the CO 2 content in the carrier gas at 1 L/min gas flow rate and 100 vol-% CO content.
Influence of oxygen
O 2 has a strong impact on the production yield of 104 Mo(CO) 6 ( Figure 13 ). Few vol-% of O 2 in the carrier gas caused the relative yield to drop to less than 25%.
The effect is attributed to the high stability of Mo oxides. The formation enthalpies of MoO 2 and MoO 3 are −589 kJ/mol and −745 kJ/mol, respectively [40] , while the formation of Mo(CO) 6 from Mo and CO corresponds to −320 kJ/mol [41] only. We did not study the influence of oxygen content on the production yields of W(CO) 6 so far. Nevertheless, it was qualitatively observed that the formation of W(CO) 6 is much more sensitive to O 2 , than the formation of Mo(CO) 6 , by comparing transport yields of the carbonyl complexes of both elements with and without Oxysorb ® cartridges installed in the gasloop described in [9] . This can be attributed to an even higher stability of WO 2 and WO 3 , which have formation enthalpies of −590 kJ/mol and −843 kJ/mol, respectively [42] . SgO 3 was predicted to have a heat of formation between −874 kJ/mol and −951 kJ/mol [43] , which makes this system the most sensitive to O 2 among all group 6 elements.
Summary and conclusions
We suggest a fast and efficient approach for testing the stability of the group 6 carbonyl complexes. The implementation of a tubular flow reactor has proven to be efficient in differentiating between the thermal stabilities of
Mo(CO) 6 and W(CO) 6 , having a 23 kJ/mol difference in their first bond dissociation energies. Therefore, we conclude that a future experiment with Sg(CO) 6 seems feasible with the developed setup. Such an experiment will Figure 13 : Influence of the O 2 content in the carrier gas (CO/N 2 ) on the 104 Mo(CO) 6 production yield. The gas flow rate and the pressure were kept constant at 1 L/min and 1.2 bar respectively. Statistical error limits are given at the 68% confidence level. The yields are given relative to the maximum observed production rate at the given experimental conditions.
benchmark the predicted hexacarbonyl stability sequence in group 6 of the periodic table.
Silver was determined to be the most appropriate surface for the decomposition studies of the group 6 carbonyl complexes. In contrast, due to the high decomposition rate of the Tc-carbonyl complex, Ru(CO) 5 , and Rh-carbonyl complex already at ambient conditions, precludes Ag surface from being used for assessing their stabilities. Thus, the search for other materials or another approach is necessary, if stability tests of potential carbonyl compounds of Bh, Hs or Mt are envisaged.
We optimized the production rate of Mo(CO) 6 under conditions relevant for a future experiment with Sg. In order to maximize the yield of the Sg carbonyl complex, CO concentration, pressure in the RTC, and the carrier gas flow rate are ideally kept as high as possible. The retention of carbonyl complexes on Teflon ® and other surfaces present in the gas loop has to be considered for optimizing the transport efficiency. The oxygen content should be minimized and constantly monitored, as Sg oxides are predicted to be even more stable than oxides of W and Mo.
Furthermore, O 2 was found to oxidize CO in the decomposition column, which has detrimental effects on the gas-jet transport system and on the cryo-thermochromatography on-line detection unit in particular. precursors, we conclude that the lower limit for the reaction time between the Tc atom and CO is around 100 ms.
Finally, the obtained results on the decomposition of group 6 carbonyls allowed for the design and test of a decomposition model which relates the experimental observations to thermochemical stability data available for the carbonyl compounds. This data evaluation is described in [13] .
